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Monomeric and Oligomeric Complexes
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al., 1994; Stevens et al., 1994). The 25 amino acid±long
TM region of the mIg HC most likely crosses the mem-
brane as an a helix. This sequence contains several
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polar amino acids (nine in the case of mIgM and sevenUniversity of Freiburg and
in the case of mIgD), which are distributed on all sidesMax Planck Institute for Immunobiology
of the a helix. One side of the helix is conserved betweenStuÈ beweg 51
the different mIg classes (Reth, 1992; Campbell et al.,79108 Freiburg
1994) and in the case of mIgM has been shown to bindGermany
to Ig-a/Ig-b (Shaw et al., 1990; Grupp et al., 1993; San-
chez et al., 1993; Stevens et al., 1994).
Mature B lymphocytes coexpress an IgD-BCR and anSummary
IgM-BCR on their surface. Treatment of these cells with
anti-d antibodies induces phosphorylation of only theThe current structural model of the B cell antigen re-
mIgD-associated Ig-a, whereas anti-m antibodies in-ceptor (BCR) describes it as a symmetric protein com-
duce phosphorylation of the mIgM-associated Ig-aplex in which one membrane-bound immunoglobulin
(Gold et al., 1991). The two different BCR classes canmolecule (mIg) is noncovalently bound on each side by
transmit distinct signals (Ales et al., 1988; Chen et al.,an Ig-a/Ig-b heterodimer. Using peptide-tagged Ig-a
1990; Kim and Reth, 1995). The expression of the BCRproteins, blue native polyacrylamide gel electrophore-
is required for the positive selection of immature B cellssis (BN±PAGE), and biosynthetical labeling of B cells,
and the maintenance or survival of mature B cells (Lamwe find that the mIg:Ig-a/Ig-b complex has a stoichi-
et al., 1997; Neuberger, 1997). This may indicate thatometry of 1:1 and not 1:2. An anti-Flag stimulation of
already in the absence of an antigen, the BCR transmitsB cells coexpressing Flag-tagged and wild-type Ig-a
a signal. The nature of this selection or maintenanceproteins results in the phosphorylation of both Ig-a
signal is not known at present but may involve a pre-proteins, suggesting that on the surface of living B
formed BCR signaling complex (Wienands et al., 1996).cells, several BCR monomers are in contact with each
Upon antigen binding, the survival signal is transformedother. A BN±PAGE analysis after limited detergent lysis
into an activation signal. An early step in signal transduc-provides further evidence for an oligomeric BCR
tion is the activation of protein tyrosine kinases thatstructure.
phosphorylate several substrate proteins including the
Ig-a/Ig-b heterodimer (DeFranco, 1997; Kurosaki, 1997;Introduction
Reth and Wienands, 1997; Benschop and Cambier,
1999; Wienands, 1999). The phosphorylated ITAMs ofThe B cell antigen receptor (BCR) plays a central role
Ig-a and Ig-b serve as docking sites for SH2 domain±in the development, survival, and activation of B lympho-
containing proteins like the tyrosine kinase Syk. For BCRcytes. The BCR is a multiprotein complex consisting of
activation, multivalent antigens or anti-BCR antibodiesthe membrane-bound immunoglobulin (mIg) molecule
are required (Dintzis et al., 1982, 1989). It was thereforeand the Ig-a/Ig-b heterodimer (CD79a,b). Antigen is
proposed that upon antigen binding, several monomericbound by the variable Ig domains of the mIg heavy and
receptors are brought into close proximity, therebylight chains (HC, LC), whereas coupling of the receptor
allowing cross-wise phosphorylation of BCR-associ-
to intracellular signaling proteins is achieved by the Ig-
ated kinases.
a/Ig-b heterodimer (for review see DeFranco, 1997; Kur-
For a better understanding of the signaling function
osaki, 1997; Reth and Wienands, 1997; Benschop and of the BCR, it is important to learn more about its struc-
Cambier, 1999). The Ig-a and Ig-b molecules are disul- ture. The mIg molecule is a symmetric molecule (two
fide-bonded type I transmembrane proteins. They carry HC and two LC), and we previously suggested that it
an extracellular Ig domain, a transmembrane (TM) region is noncovalently bound on each side by an Ig-a/Ig-b
with three polar amino acids, and a cytoplasmic tail heterodimer (Hombach et al., 1990). However, this 1:2
including an immunoreceptor tyrosine-based activation stoichiometry of the mIg:Ig-a/Ig-b complex has never
motif (ITAM) (Reth, 1989). Apart from glycosylation dif- been experimentally tested. Here we show that the BCR
ferences in the Ig-a protein, all mIg classes are noncova- isolated from 1% digitonin lysates is a stable complex of
lently coupled with the same Ig-a/Ig-b heterodimer one mIg molecule and only one Ig-a/Ig-b heterodimer
(Campbell et al., 1991; Venkitaraman et al., 1991; Wie- and thus has a 1:1 stoichiometry. In the presence of limit-
nands and Reth, 1991). The membrane-proximal CH do- ing detergent concentrations, however, we find higher
main of the mIg molecule is required for stable binding molecular complexes, suggesting that on the surface of
to the Ig-a/Ig-b heterodimer (Hombach et al., 1990; Reth living B cells, the BCR has an oligomeric structure.
et al., 1991). In addition, the TM regions of the mIg
molecule and the Ig-a/Ig-b heterodimer are critically in- Results
volved in BCR complex formation (Shaw et al., 1990;
Grupp et al., 1993; Sanchez et al., 1993; Campbell et BN±PAGE Analysis of the Digitonin-Solubilized
BCR Complex
We previously generated transfectants of J558L B cells* To whom correspondence should be addressed (e-mail: reth@
immunbio.mpg.de). expressing on their surface either an IgM-BCR or an
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dissociates into the mIg molecule and the Ig-a/Ig-b
heterodimer (Figure 1A, lanes 2, 4, 6, and 8). The com-
position of purified BCR complexes was analyzed by
two-dimensional (BN±PAGE/reducing SDS±PAGE) gel
electrophoresis (Figure 1B). Total proteins were visual-
ized using the biotinylation-in-gel (BIG) protocol (Scha-
mel, 1999). Apart from a minor protein band running
above the dm HC, this analysis did not reveal any new
proteins. Thus, the purified BCR complex consists of a
HC (mm or dm), a LC (l), and Ig-a and Ig-b.
Composition of the Digitonin-Solubilized
BCR Complex
The mIg tetramer is a symmetric molecule and it was
assumed that it binds the Ig-a/Ig-b heterodimer sym-
metrically, forming an mIg:Ig-a/Ig-b complex with a 1:2
stoichiometry (Figure 2A). To test this model, we coex-
pressed wild-type Ig-a and an Ig-a Flag-tagged at the
C terminus (Ig-aflC) in J558Lmm B cells. If the symmetric
BCR model is correct, an anti-Flag antibody should co-
precipitate the wild-type Ig-a from a purified BCR prepa-
ration. This should not be the case if the BCR complex
contains only one Ig-a/Ig-b heterodimer (Figure 2B). The
IgM-BCR complex was affinity purified with NP-Sepha-
rose from the digitonin lysates of two nonstimulated
J558Lmm/Ig-a/Ig-aflC transfectants and analyzed by
SDS±PAGE (Figure 2C). In the NIP eluates, both formsFigure 1. BN Gel Analysis of the Size and Composition of Affinity-
Purified BCR Complexes of Ig-a were present and could be distinguished by their
sizes (Figure 2C, lanes 1 and 4). The purified BCR com-(A) The IgM-BCR and IgD-BCR were size separated either in the
absence (minus) or the presence (plus) of SDS by BN±PAGE and plexes were precipitated sequentially by anti-Flag and
detected on the Western blot with either anti-m/anti-d or anti-Ig-a anti-m antibodies. The anti-Flag precipitate contained
antibodies. Size markers were dimeric and monomeric ferritin (880 Ig-aflC but not wild-type Ig-a (Figure 2C, lanes 2 and
and 440 kDa) and catalase (230 kDa).
5). The BCR complexes remaining in the supernatant of(B) Two-dimensional (BN±PAGE/reducing SDS±PAGE) gel analysis
the anti-Flag precipitation were subsequently precipi-of the IgM-BCR and IgD-BCR components. In-gel biotinylated pro-
tated with anti-m antibodies and contained all the wild-teins were detected according to the BIG method, and the identity
of these proteins was determined by immunoblotting. The fastest type Ig-a (Figure 2C, lanes 3 and 6). The exclusive pres-
migrating protein is a degradation product of l, since it is stained ence of Flag-tagged or wild-type Ig-a also holds true
with anti-l antibodies. for the IgD-BCR complex (Figure 2D), although here
the analysis was complicated by the two glycosylation
forms of the mIgD-associated Ig-a. Note that the IgD-
IgD-BCR with specificity for the hapten 3-nitro-4-hydro- BCR precipitated with the anti-Flag antibody contains
xyphenylacetate (NP) (Hombach et al., 1988; Kim et al., only the mature and not the immature glycosylation form
1994). The BCR complexes were isolated from digitonin of the dm heavy chain (Figure 2D, upper panel, lanes 2
lysates of pervanadate-stimulated J558L Ig transfec- and 5). We also analyzed J558Lmm B cells coexpressing
tants by a two-step affinity purification procedure. First, wild-type and N-terminally flagged Ig-a (Ig-aflN). Again,
all tyrosine-phosphorylated proteins were purified by the results suggest that the detergent-solubilized BCR
anti-phosphotyrosine-coupled agarose and eluted with complex contains only one Ig-a/Ig-b heterodimer (Fig-
phenylphosphate. Second, the BCR complex in the elu- ure 2E) and thus forms an asymmetric mIg:Ig-a/Ig-b
ate was purified over NP-conjugated-Sepharose and complex.
eluted with the free hapten 5-iodo-NP (NIP). This proce- It is possible that the above result is due to a selective
dure separates the BCR complex from the free mIg mol- loss of one Ig-a/Ig-b heterodimer during the purification
ecules in the lysate. The purified BCR complex was of a symmetric 1:2 BCR complex. To rule out this possi-
then size separated by BN±PAGE (SchaÈ gger and Jagow, bility, we analyzed the glycosylation form of Ig-aflN mol-
1991; SchaÈ gger et al., 1994). In contrast to SDS±PAGE, ecules. The affinity-purified BCR contained only the ma-
BN±PAGE does not disrupt transmembrane protein ture glycosylation form of Ig-aflN, which is partially
complexes and thus allows the direct analysis of differ- resistant to endoglycosidase H (EndoH) digestion (Fig-
ent size forms of the BCR complex. However, the exact ure 2F, lanes 1 and 2) (Campbell et al., 1991; Pogue and
molecular weight of a protein complex cannot be deter- Goodnow, 1994). The Ig-aflN proteins remaining in the
mined by this method (SchaÈ gger et al., 1994; Moro et supernatant were all of the immature, EndoH-sensitive
al., 1999). In the BN gel, the purified IgM-BCR as well form (Figure 2F, lanes 5 and 6). The absence of a mature
as the IgD-BCR migrates as a distinct protein complex Ig-a molecule in the supernatant demonstrates that dur-
detected by immunoblotting with both anti-Ig and anti- ing the lysis and purification procedure the BCR com-
Ig-a antibodies (Figure 1A, lanes 1, 3, 5, and 7). In the plex is stable and does not lose an Ig-a/Ig-b hetero-
dimer.presence of a stringent detergent like SDS, this complex
Oligomeric BCR Complexes
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Figure 3. Exclusive Presence of Only One Tagged Ig-a Protein in
BCR Complexes Isolated from B Cells Coexpressing Ig-aflN and Ig-
aHAN
(A) FACScan analysis of tagged Ig-a expression on a Ig-aflN and a
Ig-aHAN single transfectant and two Ig-aflN/Ig-aHAN double
Figure 2. The Digitonin-Solubilized BCR Complex Contains Only transfectants of J558Lmm. Cells were stained with anti-Flag (PE)
One Ig-a/Ig-b Heterodimer and anti-HA (FITC) antibodies.
(B) SDS±PAGE and Western blot analysis of affinity-purified BCR(A) Current structural model of a symmetric 1:2 mIg:Ig-a/Ig-b
complexes from unstimulated J558Lmm transfectants. The NP-puri-complex.
fied BCR complexes in the NIP eluate were precipitated with either(B) Alternative model of a 1:1 mIg:Ig-a/Ig-b complex. The location
anti-m, anti-Flag, or anti-HA antibodies. Proteins were detected onof the N- and C-terminal Flag tag in Ig-a is indicated.
the Western blot with anti-m (upper panel), anti-Flag (middle panel),(C±E) SDS±PAGE and Western blot analysis of NP-specific BCR
or anti-HA (lower panel) antibodies.complexes purified from digitonin lysates of unstimulated J558L
transfectants coexpressing wild-type and Flag-tagged Ig-a. The
BCR complexes were eluted from NP-Sepharose affinity columns
with NIP-cap (lanes 1 and 4) and subsequently precipitated with The specificity of the antibodies used was controlled
anti-Flag (lanes 2 and 5). The remaining complexes in the Flag- with BCR complexes from single Ig-a transfectants (Fig-
depleted eluates were then precipitated using anti-HC antibodies
ure 3B, lanes 1±6). In conclusion, the digitonin-solubi-(lanes 3 and 6). Proteins were detected with anti-HC (upper panel)
lized BCR contains only one Ig-a/Ig-b heterodimer.or anti-Ig-a (lower panel) antisera.
(F) The mIg molecule and the Ig-a/Ig-b heterodimer do not dissociate
during affinity purification of the BCR. Unstimulated J558Lmm/Ig-
A 1:1 Stoichiometry of the BCR ComplexaflN cells were lysed with digitonin, and BCR complexes were puri-
To measure the amount of each BCR component di-fied using NP-Sepharose (lanes 1 and 2). NP affinity chromatography
was repeated (lanes 3 and 4) and Ig-a molecules remaining in the rectly, we metabolically labeled J558Lmm/Ig-a and
supernatant were purified with an anti-Flag antibody (lanes 5 and J558Ldm/Ig-a cells for 3±4 days with [35S]methionine.
6). Proteins were incubated in the absence (minus) or presence The long labeling period should ensure that most BCR
(plus) of EndoH and detected with anti-HC (upper panel) or anti-
proteins had incorporated the [35S]methionine. The BCRIg-a (lower panel) antisera.
complexes from the digitonin lysates of these cells were
isolated by the two-step affinity purification protocol.
The BCR components were size separated by SDS±To exclude the possibility that the restricted Ig-a us-
age is due to a heterogeneous expression of the two PAGE and their radioactivity determined (Figure 4A).
Considering the total number of methionine residues inIg-a proteins in the transfected B cell population, we
coexpressed hemagglutinin (HA)-tagged (Ig-aHAN) and each IgM-BCR and IgD-BCR component, we calculated
the molar ratio of HC:l:Ig-a:Ig-b to be 1.0:1.0 (6 0.1):0.4Flag-tagged (Ig-aflN) Ig-a in J558Lmm cells. A FACScan
analysis shows that the majority of cells of the double (6 0.1):0.5 (6 0.1). This stoichiometric analysis supports
the model of a 1:1 association of the mIg molecule andtransfectants coexpress Ig-aflN and Ig-aHAN molecules
on their surface (Figure 3A). The BCR complexes of the Ig-a/Ig-b heterodimer.
Next, we compared the size of three different BCRthese transfectants were first affinity purified with NP-
Sepharose and the proteins in the NIP eluate were fur- classes (IgG, IgD, and IgM) by BN±PAGE (Figure 4B). In
this analysis, the IgG-BCR is the smallest and the IgM-ther purified in parallel with anti-m, anti-Flag, or anti-HA
antibodies. The purified BCR complexes showed the BCR is the largest protein complex (Figure 4B, lanes
1±3). The small size difference between the three BCRexclusive presence of only one of the two different
tagged Ig-a proteins (Figure 3B, lanes 8, 9, 11, and 12). complexes is well explained by the increasing size of
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Figure 4. Stoichiometry and Composition of Different Classes of
the BCR
(A) Metabolic labeling and phosphoimager analysis. J558Ldm/Ig-a
and J558Lmm/Ig-a cells were grown in medium containing [35S]me-
thionine. Subsequently, the BCRs were purified by two-step affinity
chromatography and separated by 10% reducing SDS±PAGE. Pro-
Figure 5. Western Blot Analysis of the Tyrosine Phosphorylation ofteins were visualized by autoradiography.
Ig-a Proteins in Stimulated B Cells Coexpressing Two Different BCR(B) BN±PAGE analysis of different classes of the BCR. The BCR
Complexeswere purified from the indicated Ig-transfectants of J558L or from
splenic B lymphocytes (lane 8) of an Ig-transgenic mouse strain (A) IgM-BCR/IgD-BCR-coexpressing J558L cells were incubated for
whose B cell receptor is NP specific. The eluted material was sepa- 2 min at 378C with either control (c, lane 1), anti-m (lane 2), or anti-d
rated by BN±PAGE, transfered to a membrane, and blotted with (lane 3) antisera.
anti-Ig-a or anti-l light chain antisera. Size markers were dimeric (B) J558Lmm/Ig-a and J558Lmm/Ig-aflN single transfectant and two
and monomeric ferritin (880 and 440 kDa). J558Lmm/Ig-a/Ig-aflN double transfectants (4 and 3) were incubated
for 2 min at 378C with either the control anti-Ezrin antibody (c), with
anti-l antiserum, or with the anti-Flag antibody. After cell lysis,
phosphotyrosine-containing proteins were precipitated, separatedtheir respective HC. It is therefore likely that the IgG2a-
by SDS±PAGE, and analyzed with an anti-Ig-a antiserum.BCR also has a 1:1 stoichiometry. By BN±PAGE, we
analyzed whether the incorporation of a Flag-tagged
Ig-a changes the composition of the BCR complex. The some evidence for such an oligomeric BCR structure, we
size of IgM-BCR complexes with Flag-tagged Ig-a pro- monitored Ig-a phosphorylation in J558L transfectants
teins was the same as that of the BCR complex carrying exposed to different antibodies. Stimulation of normal
a wild-type Ig-a (Figure 4B, lanes 4±7) and the same B lymphocytes coexpressing IgM-BCR and IgD-BCR
holds true for the IgD-BCR (Figure 4B, lanes 9±11). In a with anti-m antibodies induces phosphorylation of only
further control experiment, we found that BCR com- the mIgM-associated Ig-a, whereas anti-d antibodies
plexes isolated from the digitonin lysate of either unstim- induce phosphorylation of the mIgD-associated Ig-a
ulated or pervanadate-stimulated cells have the same (Gold et al., 1991). We found the same exclusive Ig-a
size (data not shown). Thus, the stimulation and phos- phosphorylation in J558L cells coexpressing the two
phorylation of the BCR does not alter its stoichiometry. BCR classes (Figure 5A). Apparently, the activated pro-
In order to analyze the BCR complex of normal murine tein tyrosine kinases phosphorylate only the engaged
B cells, we prepared a digitonin lysate of splenic B cells and not the nonligated BCR complex. We next moni-
from a transgenic mouse strain that expresses an NP- tored Ig-a phosphorylation in either single Ig-a transfec-
specific BCR on the majority of its B cells (Pelanda et tants (Figure 5B, lanes 1±6) or in J558Lmm/Ig-a/Ig-aflN
al., 1997). We then affinity purified the BCR and found cells coexpressing IgM-BCRs with wild-type and N-ter-
that on a BN±PAGE gel, it has the same size as the IgD- minal-flagged Ig-a proteins. Cross-linking of the BCR
BCR isolated from J558Ldm/Ig-a cells (Figure 4B, lanes with anti-l resulted in strong Ig-a phosphorylation,
8 and 9). This is consistent with the fact that IgD is whereas phosphorylation induced by the anti-Flag anti-
the predominant class of BCR on splenic B cells. In body was less intense but clearly above background
summary, our studies show that in digitonin lysates, the (Figure 5B, lanes 5 and 6). Interestingly, anti-Flag stimu-
BCR of different classes isolated from different sources lation of the Ig-a/Ig-aflN double transfectant resulted in
is a stable complex with a ratio of mIg:Ig-a/Ig-b of 1:1. phosphorylation of both the mIg:Ig-aflN/Ig-b and the
mIg:Ig-a/Ig-b complex (Figure 5B, lanes 9 and 12). Thus,
the two IgM-BCR complexes, which are isolated sepa-Transphosphorylation of Two Different IgM-BCRs
The TM sequence of the mm chain contains nine hydro- rately in digitonin lysates, could be in contact with each
other on the cell surface.philic amino acids, and it was previously thought that
the two Ig-a/Ig-b heterodimers shield these sequences
from the hydrophobic environment of the lipid bilayer Detection of Oligomeric BCR Complexes
by BN±PAGE(Williams et al., 1993). In the 1:1 BCR complex, the mIg
molecule is partially unsheathed. It is, however, possible To obtain more direct evidence for the existence of an
oligomeric BCR structure, we employed a techniquethat on the surface of living B cells, the mIgM:Ig-a/Ig-b
complex forms a higher ordered structure in which the recently developed by SchaÈ gger and colleagues (Arnold
et al., 1998). This group used a low detergent to proteinnine hydrophilic amino acids are sheathed. To obtain
Oligomeric BCR Complexes
9
Figure 6. Analysis of Oligomeric BCR Complexes
IgM-BCR (A), IgD-BCR (B), and IgD-hSbap-BCR (C) expressing cell lines were lysed with the indicated concentrations of thesit. After NP
purification, the BCRs were eluted in 0.3% digitonin, size separated by two-dimensional BN±PAGE/SDS±PAGE, and detected on the Western
blot with an anti-Ig-b antibody. For each transfectant, the anti-Ig-b reactive bands of the SDS±PAGE gels (second dimension) of the dilution
series are combined into one panel.
(D) Comparison of the putative a-helical TM regions of mIgD and of mIgD-hSbap. Amino acids are numbered from the N terminus to the C
terminus, and the introduced mutations are marked by an asterisk. (E) Surface biotinylated J558Ldm/Ig-a cells were lysed with a buffer
containing the indicated concentrations of thesit. NP-purified complexes were separated by reducing SDS±PAGE and detected on the Western
blot with streptavidin.
(F) IgM-BCR/IgD-BCR-coexpressing J558L cells (J558Lmm/dm/Ig-a) were lysed with the indicated concentrations of thesit. The BCR complexes
were purified using an anti-d (lanes 1±6) or an anti-m antiserum (lanes 7±12). Proteins were separated by reducing SDS±PAGE, and the HC
was detected with anti-d and anti-m antisera.
ratio for the solubilization of membranes and estab- 0.015%) and purified the BCR complexes from these ly-
sates with NP-Sepharose. After elution with NIP in 0.3%lished the dimeric nature of a transmembrane protein
previously thought to be monomeric. We first used low digitonin, the BCR complexes were size separated by two-
dimensional BN±PAGE/SDS±PAGE and detected with anconcentrations of digitonin that failed to solubilize the
BCR (data not shown). The detergent thesit, however, anti-Ig-b antibody (Figures 6A±6C). In contrast to
the IgD-BCR, the IgM-BCR is not stable in 0.5% or 0.06%efficiently solubilized the BCR even if used at a 100-fold
reduced concentration (Figure 6E). We therefore lysed thesit (Schamel and Reth, 2000), and thus the Ig-a/
Ig-b heterodimer is not copurified. From 0.03% or 0.02%J558Lmm/Ig-a and J558Ldm/Ig-a cells with decreasing
amounts of thesit (0.5%, 0.06%, 0.03%, 0.02%, and thesit lysates, however, the complete BCR is purified
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as a high molecular weight complex which barely enters exact structure before and after ligand binding. Unfortu-
nately, this information is hard to obtain for most recep-the BN gel (Figure 6A). In 0.5% thesit, the IgD-BCR is
tors because their purification requires detergent lysis,mainly monomeric (Figure 6B) and has the same size
which can alter their structure and in most cases preventas the IgD-BCR we previously isolated from 1% digitonin
their crystallization. To increase our knowledge of thelysates. In 0.06% thesit, the analysis reveals dimeric and
basic structure of the BCR, we have analyzed its sizetetrameric BCR complexes. With decreasing detergent
and composition under different lysis conditions.concentrations, the size of the IgD-BCR increases (Fig-
By using BN±PAGE (SchaÈ gger and Jagow, 1991;ure 6B).
SchaÈ gger et al., 1994) and the BIG method (Schamel,The TM region of mIg molecules has two sides. The
1999), we show that the digitonin-solubilized BCR is asequence of one side is conserved between all Ig
discrete complex composed of only HC, LC, Ig-a, andclasses and is involved in the binding of the Ig-a/Ig-b
Ig-b. These components are also necessary and suffi-heterodimer (Figure 6D). The sequence of the opposite
cient for the expression of the BCR in nonlymphoidside (Sbap) is class specific but evolutionarily conserved
mammalian cells (Venkitaraman et al., 1991; Matsuuchi(Adachi et al., 1996). This side is expected to be involved
et al., 1992) and in Drosophila cells (W. A. S. and M. R.,in the formation of the class-specific oligomeric BCR
unpublished data). By coexpressing wild-type andcomplex. Therefore, we mutated all hydrophilic and aro-
peptide-tagged Ig-a molecules, we demonstrate thatmatic amino acids on the Sbap side of the dm TM region
the digitonin-solubilized BCR complex possesses onlyto small hydrophobic amino acids (Figure 6D). This mu-
one Ig-a/Ig-b heterodimer. This observation and thetant dm molecule (dm-hSbap) was expressed in J558L/
specific purification of the BCR from the digitonin lysateIg-a cells, where it was assembled with the Ig-a/Ig-b
of biosynthetically labeled cells allowed us to determineheterodimer into an IgD-BCR and transported on the
a 1:1 stoichiometry for the mIg:Ig-a/Ig-b complexes.cell surface (data not shown). Lysis of J558Ldm-hSbap/
This finding corrects the current structural model of theIg-a cells in the presence of limiting concentrations of
BCR. In BN gels, the IgD-, IgM-, and IgG2a-BCR com-thesit revealed a monomeric BCR complex, which in
plexes have a similar size and it is thus likely that thelow detergent concentrations shifted only to a dimeric
BCRs of all five IgH classes have a 1:1 stoichiometry.complex (Figure 6C). The formation of higher molecular
This ratio is not changed after stimulation of B cells,weight complexes of the IgD-BCR is thus critically de-
and no Ig-a/Ig-b was released during the purification ofpendent on the Sbap side of the dm TM helix.
the BCR. The 1:1 stoichiometry of the BCR suggestsTo exclude that the high molecular weight BCR com-
that the mIg molecule is not completely symmetrical.plexes are formed by nonspecific aggregation with other
Indeed, if the two HC TM regions do not bind to eachmembrane proteins, J558Ldm/Ig-a cells were surface
other with the same side, the symmetry of the mIg mole-biotinylated and lysed in limiting concentrations of
cule is broken. It is possible that both HC TM regionsthesit. After affinity purification, the proteins were sepa-
are involved in the binding of the Ig-a/Ig-b heterodimer,rated by reducing SDS±PAGE and surface proteins were
as suggested by the fact that the Ig-a/Ig-b heterodimerdetected with streptavidin (Figure 6E). No membrane
can only be copurified with the complete mIg moleculeproteins other than the BCR components (dm, l, Ig-a,
(2HC/2LC) and not with a single HC/LC pair (Benlaghaand Ig-b) were detected. Thus, the low detergent con-
et al., 1999).centrations that allow the detection of oligomeric IgD-
For the stoichiometric analysis, the BCR was solubi-BCR complexes do not result in a nonspecific aggre-
lized with digitonin because this detergent can preservegation of the BCR with other membrane proteins. We
the structure of multicomponent receptors. However,cannot exclude, however, that an intracellular protein is
it has recently been found that at low concentrations,attached to the IgD-BCR under these detergent condi-
detergents like thesit or Triton X-100 provide muchtions. Next, we examined J558Lmm/dm/Ig-a cells that
milder lysis conditions than digitonin (Arnold et al.,
coexpress the IgD-and IgM-BCR on the same cell (Kim
1998). This observation allows the detection of higher
and Reth, 1995). The cells were lysed with decreasing
organized forms of membrane proteins (SchaÈ gger and
amounts of thesit, and the BCR was purified with either Pfeiffer, 2000). We applied these methods to the BCR
anti-d or anti-m antisera (Figure 6F). We did not observe and found that the BCR can be purified from low per-
any copurification of the two BCR classes even at low centage thesit lysates as a high molecular weight com-
thesit concentrations. This suggests that the oligomers plex containing several BCR monomers. Although the
formed by the IgM-BCR and the IgD-BCR differ from stoichiometry of these oligomeric BCR complexes re-
each other and only contain BCR monomers of the same mains unknown, our study suggests that the IgM-BCR
class. and IgD-BCR form distinct oligomeric complexes and
that the HC TM region is critically involved in the forma-
tion and/or stability of the oligomer. It is possible that
Discussion in the oligomeric BCR structure, all polar amino acids
of the HC TM region are shielded from the hydrophobic
Transmembrane receptors have to convert an extracel- environment of the lipid bilayer (Williams et al., 1993).
lular signal into an intracellular signal. In other words, The CH domains may also be involved in the formation
ligand binding has to be translated into a structural alter- of an oligomeric BCR complex, and we are currently
ation of the receptor that is transduced across the mem- testing this possibility. The secreted form of the IgM
brane and results in the activation or deactivation of molecule is a pentamer. Oligomerization of secreted IgM
intracellular signaling molecules. To understand the sig- is not controlled by the J chain alone, since it also occurs
in the absence of the J chain (Niles et al., 1995; Cattaneonaling function of a receptor, it is important to know its
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and Neuberger, 1987). Indeed, the ms-specific C termi- (Rolink et al., 1999; Carsetti, 2000). It was proposed that
nus, the Cm3 domain, and the Cm4 domain cooperate this signal involves the cross-linking of the BCR by a B
to mediate the oligomerization of IgM (Wiersma et al., cell±autonomous ligand or by self-antigens (Pillai, 1999).
1998). The Cm3 and Cm4 domains are also present in However, BCR cross-linking at that B cell±develop-
the mIgM molecule, and it is thus possible that on the mental stage should result in negative rather than posi-
surface of B cells, the IgM-BCR has a pentameric or tive selection of the B cells. According to our model, it
hexameric structure. The secreted IgM and mIgM oligo- is the formation of the oligomeric BCR structure that
mers should, however, be distinct from each other, as gives the signal for positive selection of immature B
the interdomain disulfide bonds are not formed in the cells and also for the survival of normal B cells (Lam et
latter case (Figure 1A). al., 1997; Neuberger, 1997). The nature of that signal is
Recent biophysical studies indicate that receptors not yet clear, but the signal should be active in all B
which, according to their migration in SDS±PAGE, were cells expressing an oligomeric BCR on their cell surface.
previously thought to be monomers, form dimeric or Autoreactive B cells would not receive the positive se-
multimeric structures in the absence of their ligand. This lection signal but rather an activation signal, as their
is the case for the bacterial chemotaxis receptor (Liu et oligomeric BCR structure would be disturbed upon con-
al., 1997; Kim, 1999), the EPO-R (Syed et al., 1998; Livnah tact with the self-antigen.
et al., 1999; Remy et al., 1999), the EGF-R (Gadella and The oligomeric BCR could provide a working model
Jovin, 1995), and the PDGF-R (Wiseman et al., 1997). for studies on the T cell antigen receptor (TCR) complex.
Furthermore, in many cases the dimerization is neces- Using T cells coexpressing a murine and a human CD3e,
sary but not sufficient for receptor activation (reviewed it has been shown that the TCR contains more than one
in Jiang and Hunter, 1999). The binding of a ligand to CD3e subunit (de la Hera et al., 1991). Similarly, T cells
these receptors does not result in further aggregation coexpressing two different TCRb chains were used to
but rather in a conformational change. Often it is the demonstrate that more than one TCRb chain is present
ligand that fixes the receptor molecules in a precise in the TCR complex (Fernandez-Miguel et al., 1999). The
orientation required for signal transduction (Chi et al., exact stoichiometry of the TCR under different condi-
1997; Burke and Stern, 1998; Syed et al., 1998; Livnah tions of detergent lysis, however, has not been deter-
et al., 1999; Ottemann et al., 1999; Remy et al., 1999). mined so far. A better structural description of the BCR
In this context, the BCR must accomplish a very special and TCR would greatly help to elucidate the signaling
task: to reliably translate the binding of thousands of mechanism operating during positive and negative se-
different antigenic structures into an activation signal. lection of lymphocytes.
How can all these antigens bring the BCR in the same
active conformation? An oligomeric BCR structure may Experimental Procedures
provide a solution to this problem. Within the BCR oligo-
mer, transducer elements may be bound in an inactive Expression Vectors
To generate the expression vectors for tagged Ig-a proteins, oligo-form, and the Ig-a/Ig-b heterodimer may not be accessi-
nucleotides coding for the Flag tag or HA tag were inserted into theble for phosphorylation. Binding to antigen may result in
pEVmb-1neo vector. The insertion occurred either before the stopa disturbance or disruption of the oligomeric complexes.
codon of the Ig-a coding sequence (pEVmb-1FlagCneo, a kind gift
This could lead to the accessibility and phosphorylation of Manfred Kraus and Klaus Rajewsky) or behind the sequence
of the Ig-a/Ig-b heterodimer and the activation of the coding for the signal peptidase cleavage point (pEVmb-1FlagNneo
BCR-transducing elements like Syk. It is easy to imagine and pEVmb-1HANneo). The expression vector pSVdm-hSbap was
constructed essentially as described (Adachi et al., 1996). Briefly,that unlike the precise dimerization, the disruption of a
the sequence coding for the TM part of pSVdm-Xho1 was replacedpreformed BCR complex does not require a specific
by the following three double strand oligonucleotides utilizing theligand structure. It requires, however, a multivalent anti-
Xho1 site: 59-TCGAGGAGGAGAACGGCCTGGTGGTCACAATGGCgen or bivalent antibodies, as a monovalent ligand would
CCT-39, 59-Udm-aBAP; 59-GAAGAGGGCCATTGTGACCACCAGGCC
not efficiently disturb the oligomer. GTTCTCCTCC-39, 59-Ldm-aBAP; 59-CTTCGTGGCCCTCTTCCTGCT
The model of an oligomeric BCR can also explain CACACTGCTC-39, M-Udm; 59-TGTAGAGCAGTGTGAGCAGGAAG
the finding of the class-specific ITAM phosphorylation. AGGGCCAC-39, M-Ldm; 59-TACAGTGGCGTCGTCACCGTCATC
AAGGTAAAG-39, 39-Udm-aBAP; 59-CTTTACCTTGATGACGGTGADeFranco and Gold (Gold et al., 1991) found that anti-m
CGACGCCAC-39, 39-Ldm-aBAP. Underlined sequences represent theantibodies induce phosphorylation of only the mIgM-
Xho1 site and bold sequences represent the TM region. The sequenceassociated Ig-a, whereas anti-d antibodies induce phos-
of the vector pSVdm-hSbap was confirmed by sequencing.phorylation of the mIgD-associated Ig-a. Our data sug-
gest that the IgM-BCR and the IgD-BCR form distinct
Cell Culture, Mouse Strain, and Flow Cytometryoligomeric complexes. Thus, the engagement of the IgD-
The cell lines J558Lmm/Ig-a, J558Ldm/Ig-a, and J558L/mm/dm/Ig-
BCR should not result in the disturbance of the IgM-
a7±6 have been described previously (Hombach et al., 1988; Kim et
BCR. The coexpressed wild-type and Flag-tagged Ig-a al., 1994; Kim and Reth, 1995) (named J558Lmm3, J558Lddm/mb-1,
proteins, however, can be incorporated in the same and J558L/mm3/dm7±6 therein). To obtain J558L lines with tagged
oligomeric BCR structure, and that would explain why Ig-a, cells were transfected with the corresponding expression vec-
tors and grown as described (Adachi et al., 1996). The B1-8 mousethe anti-Flag antibody resulted in phosphorylation of
(a gift of Pelanda and Rajewsky) was derived from a cross of B1-both forms of Ig-a (Figure 6B).
8Hi, 3-83Ki, and 3-83Hi; 3-83Ki animals having a MHC class I H-2bWhen immature B cells have succeeded to produce
background (Pelanda et al., 1997). Due to intensive receptor editing,
a LC that binds to the preexisting HC, they express an approximately 50% of the B1-8Hi B cells expressed a l light chain
IgM-BCR on their surface. At that stage, the cells receive (R. Pelanda, personal communication). For FACScan analysis, cells
a signal from the BCR that prevents further VL gene were stained sequentially with anti-Flag antibodies (M2, 1:100; Ko-
dak), a phycoerythrin (PE)-labeled goat anti-mouse IgG antiserumassembly and allows their export from the bone marrow
Immunity
12
(1:50; Southern Biotechnology), and fluorescein (FITC)-labeled anti- in 1ml lysis buffer (Adachi et al., 1996) including 1% Triton X-100
and 0.5 mM sodium orthovanadate. Anti-phosphotyrosine affinityHA antibodies (12CA5, 1:25; Boehringer). Cells were washed, ana-
lyzed with a FACScan (Becton Dickinson), and 104 living cells were chromatography and Western blotting are described above.
plotted on a double logarithmic scale.
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